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Abstract: Various novel techniques are proposed to improve process efficiency, quality, and safety
of fermented food products. Ultrasound and pulsed electric field (PEF) are versatile technologies
that can be employed in conjunction with fermentation processes to enhance process efficiency and
production rates by improving mass transfer and cell permeability. The aim of this review is to
highlight current and potential applications of ultrasound and PEF techniques in food fermentation
processes. Their effects on microbial enzymes, along with mechanisms of action, are also discussed.
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1. Introduction
Food fermentation basically involves the chemical transformation of complex organic compounds
into simpler compounds by the action of enzymes and microorganisms, which has been reported
since ancient times as a means of food preservation [1]. A more recent application of the fermentation
technique has been applied to the production and extraction of bioactive compounds in the food,
chemical, and pharmaceutical industries. The secondary metabolites produced during fermentation
processes range from antibiotics to peptides and are referred to as bioactive compounds due to their
numerous biological activities and potential prevention of several chronic diseases [2].
Traditionally, thermal treatment has been used to eliminate or reduce the microbial load and
inactivate deleterious enzymes, which otherwise might hinder the process and induce changes in the
quality of the fermented food. However, thermal processing can also alter sensorial and nutritional
qualities, including reduction of some bioactive compounds [3]. For these reasons and to minimize
quality losses, the heat treatment should be carried out under moderate conditions, but at a level
sufficient to successfully inactivate detrimental enzymes.
Ultrasound and pulsed electric field (PEF) technologies are relatively novel and have the potential
to fully or partially replace the conventional heating processes because they can inactivate enzymes and
microorganisms without any, or very little, increase in temperature. However, one of the most exciting
new areas of research in the field of fermentation is the application of low-intensity ultrasound and PEF
at sublethal levels due to their positive effects on living cells. Depending on the processing conditions,
improvements in process efficiency and high production rates have been observed. Thus, these
techniques have been gaining interest for industrial applications. In addition, the literature suggests
that these technologies can assist food processors in meeting the demands of both the consumer and
the industry by producing safer and higher quality products with energy-efficient processes [4].
This review aims to provide an overview of current and potential applications regarding the effect
and action mechanisms of ultrasound and PEF technologies on food fermentation processes, mainly
focusing on microbials, enzymes, and bioactive compounds.
Fermentation 2018, 4, 1; doi:10.3390/fermentation4010001 www.mdpi.com/journal/fermentation
Fermentation 2018, 4, 1 2 of 12
2. Ultrasound
2.1. Basic Concepts of Ultrasound
Ultrasonic waves are sound waves having frequencies above the human hearing range (>18 kHz).
This form of vibrational energy is produced by ultrasonic transducers that convert electrical energy
into vibrational sound energy. The frequency of the acoustic waves generated (the number of waves
per second) is determined by the frequency of the electric field applied, and this is usually fixed by
the instrument provider. Based on frequency, the ultrasonic spectrum can be divided into two zones.
A frequency range from 20 kHz to around 1 MHz (even though frequencies between 20 and 40 kHz
are commonly used for food processing applications) is known as power ultrasound because the
sound waves generated are relatively powerful and can generate significant shear fields within the
surrounding fluid. Alternatively, diagnostic ultrasound has a frequency in excess of 1 MHz and is
mainly used for medical and industrial imaging purposes.
From an application perspective, ultrasound can also be broadly classified as low intensity and
high intensity ultrasound. Applications using low power and high ultrasound frequencies (>1 MHz)
are considered as low-intensity ultrasound (also called high-frequency ultrasound). Alternatively,
processing technologies using high power and frequencies between 20 kHz and 1 MHz (more
commonly ranging between 20 kHz and 100 kHz) fall within the range of high-intensity ultrasound
(also named low-frequency ultrasound or power ultrasound) [5].
In the food industry, low-intensity ultrasound exerts no or minimal physical and chemical
alterations in the material through which the waves pass; hence, it serves as a physical tool to
analyze the physiochemical properties of food and monitor changes during food production. On the
other hand, high-intensity ultrasound can induce desirable physical and chemical modifications for
various bioprocessing applications [6]. Because high-intensity ultrasound has shown versatility and
effectiveness to enhance the productivity and process efficiency in the food industry, only power
ultrasound applications in food fermentation will be considered in this section of the review.
In liquid fermentation, ultrasound generated using a transducer is transmitted into the medium
using either an ultrasonic bath or probe-based system. Figure 1 illustrates these two types of ultrasound
systems, which are commonly employed in fermentation reactors. When the waves pass through
the liquid medium, they induce a longitudinal displacement of particles, whereas the source of the
sound wave acts as a piston, resulting in a succession of compression and rarefaction phases in the
medium [7]. If the rarefaction cycle is strong enough, the distance between contiguous molecules of the
liquid can reach or even exceed the critical molecular distance. The voids created in the medium are
cavitation bubbles. These incipient bubbles are able to grow during rarefaction phases and decrease in
size during compression cycles until a critical point is reached, after which ultimately results in the
bubble’s collapse. Depending on the frequency of the ultrasound processing used, the liquid medium
can be exposed to transient or stable cavitation. When the process uses lower frequency ultrasound
(20–100 kHz), the nature of the cavitation is transient and the bubble collapse occurs very violently
within a few acoustic cycles as the bubble reaches resonance size rapidly. Ultrasound processing at
frequencies over 200 kHz, however, can normally result in stable cavitation in which the oscillation in
bubble size following the cycles of high and low acoustic pressure can continue for thousands of cycles
until the bubble reaches resonance size range [8]. In the megahertz frequency range, no cavitation
is observed.
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Figure 1. Ultrasound-assisted bioreactors: (A) Sonication produced with transducers placed on the 
outside of the fermentation tank; (B) Ultrasound provided with an ultrasound (US) probe. 
2.2. Physical and Chemical Effects of Ultrasound 
The collapsing bubbles are capable of generating extremely high pressures and temperatures, 
suggested to be up to 50 MPa and up to 5000 K, respectively [7]. The main mechanical effects 
induced during cavitation of the collapsing bubbles in the solid–liquid interface of a heterogeneous 
medium include shockwave-induced damage and microjet impacts [9]. In the latter case, an 
asymmetrical collapse takes place in which the potential energy of the expanded bubble is converted 
into kinetic energy of a liquid microjet that extends inside the bubble and penetrates the opposite 
bubble wall, reaching high velocities. Other physical phenomena of ultrasound that are associated 
with ultrasound frequencies include agitation, turbulence, vibration, pressure, shear forces, and 
acoustic streaming. In addition to all the physical effects of cavitation, there are also chemical effects. 
One of the most important is the sonolysis of water (H2O→H+ + OH−) from the effects of temperature 
and pressure, which leads to the production of free radicals [10]. Because water is one of the most 
abundant substances in fermented food, these radicals can combine to form other molecules such as 
hydrogen peroxide and can also react with other components in the surrounding medium to 
potentially affect microbial enzyme activation. 
According to Ashokkumar et al. [11], the physical effects of ultrasound are dominant in the 
lower frequency range of 20–100 kHz with a higher level of transient cavitation, except for acoustic 
streaming (i.e., the physical force of the sound capable of displacing ions and small molecules due to 
a pressure gradient) that is dominant at frequencies above 1 MHz with less physical and chemical 
effects associated with cavitation. On the other hand, chemical effects are dominant at frequencies 
>200 kHz with larger amounts of free radicals being produced due to the generation of a large 
number of active bubbles compared to those produced by lower frequency ultrasound. 
The combination of all these effects is the basis of the different uses that ultrasound technology 
has in the food sector; as such, physical effects have found application in operations such as 
homogenization, emulsification, extraction, pasteurization, and degassing or deaeration of alcoholic 
beverages. Particularly, low-frequency ultrasound has been applied to improve many food 
processing operations toward the enhancement of mass transfer, for enhancing fermentation rates, 
and other specialized processing applications including wine maturation and aging [5,12]. 
2.3. Production of Biomolecules from Fermented Foods 
The production of biomolecules in fermented foods will depend largely on the effect of 
ultrasound on both the microorganisms used and the enzymes they produce. This topic will be 
discussed below with an emphasis on improvements in the fermentation process and the production 
of active metabolites that are of interest in the food industry. 
Figure 1. ltrasou -assist i re ct r : ( ) i ti it tra s l the
outside of the fer entation tank; (B) Ultrasound provided with an ultrasound (US) probe.
2.2. Physical and Chemical Effects of Ultrasound
The collapsing bubbles are capable of generating extre ely high pressures and te peratures,
suggested to be up to 50 MPa and up to 5000 K, respectively [7]. The main mechanical effects induced
during cavitation of the collapsing bubbles in the solid–liquid interface of a heterogeneous medium
include shockwave-induced damage and icrojet impacts [9]. In the latter case, an asymmetrical
collapse takes place in which the potential energy of the expanded bubble is converted into kinetic
energy of a liquid microjet that extends inside the bubble and penetrates the opposite bubble wall,
reaching high velocities. Other physical phenomena of ultrasound that are associated with ultrasound
frequencies include agitation, turbulence, vibration, pressure, shear forces, and acoustic streaming.
In addition to all the physical effects of cavitation, there are also chemical effects. One of the most
important is the sonolysis of water (H2O→H+ + OH−) from the effects of temperature and pressure,
which leads to the production of free radicals [10]. Because water is one of the most abundant
substances in fermented food, these radicals can combine to form other molecules such as hydrogen
peroxide and can also react with other components in the surrounding medium to potentially affect
microbial enzyme activation.
According to Ashokku ar et al. [11], the physical effects of ultrasound are do inant in the
lower frequency range of 20–100 kHz with a higher level of transient cavitation, except for acoustic
streaming (i.e., the physical force of the sound capable of displacing ions and small molecules due to a
pressure gradient) that is dominant at frequencies above 1 MHz with less physical and chemical effects
associated with cavitation. On the other hand, chemical effects are dominant at frequencies >200 kHz
with larger amounts of free radicals being produced due to the generation of a large number of active
bubbles compared to those produced by lower frequency ultrasound.
The combination of all these effects is the basis of the different uses that ultrasound technology
has in the food sector; as such, physical effects have found application in operations such as
homogenization, emulsification, extraction, pasteurization, and degassing or deaeration of alcoholic
beverages. Particularly, low-frequency ultrasound has been applied to improve many food processing
operations toward the enhancement of mass transfer, for enhancing fermentation rates, and other
specialized processing applications including wine maturation and aging [5,12].
2.3. ro ctio of io olecules fro Fer ented Foods
he production of biom lecules in fermented foo s will depend largely on th effect of ultrasound
on both the microorganisms used and the nzymes th y produce. This topic will be discussed
Fermentation 2018, 4, 1 4 of 12
below with an emphasis on improvements in the fermentation process and the production of active
metabolites that are of interest in the food industry.
The lethal effects of ultrasound on microorganisms have been extensively investigated since
the late 1990s, but the use of ultrasound to promote or control their activity is much more recent.
For instance, the effectiveness of low-frequency ultrasound has been demonstrated in the stimulation
of probiotics in milk [13,14]. The authors have reported an improvement in lactose hydrolysis and
transgalactosylation by bifidobacteria, as well as a reduction in fermentation time by up to 30 min
depending on the probiotic strain. In particular, sonicated samples have shown lower counts of viable
probiotic cells at the beginning of fermentation compared to control, whereas no significant changes
were observed in the final counts at the end of fermentation [13]. In another study, an increase in
the viability of probiotics (Lactobacillus sp. and Bifidobacterium sp.) has been reported compared to
the control in the case of fermented soy milk [15]. Activation of a mixed culture of Streptococcus
thermophilus and Lactobacillus delbrueckii subsp. bulgaricus at 84 W power ultrasound for 150 s was
investigated by Barukčić et al. [16] who reported an approximately 1 log cycle higher count compared
to untreated inoculums, resulting in a decreased fermentation time of up to 30 min.
The beneficial effects of sonication have been attributed to the formation of pores or temporary
holes in the microbial cell membranes, thus improving their permeability in a process known
as sonoporation [17]. Although these pores lead to sublethal injury to the microbial cell, they
provide a channel for transport of essential nutrients and removal of toxic substances across
these membranes [18–20]. Thus, the abovementioned results show that depending on the type of
microorganism and the ultrasound processing conditions, treated cells with minor physical damage
can recover from injury and subsequently increase in number during fermentation. However, an
increase in ultrasonic power or exposure time could lead to inactivation or cell death due to leakage of
cellular content.
It is important to highlight that inactivation of microorganisms occurs at low frequencies, whereas
when microbial cells are exposed to a higher frequency range, microbial cells are minimally affected
with no significant effect on cell viability [5]. Thus, the effect of sonication depends on the processing
conditions employed but it is also culture specific since differences in several characteristics—such
as size and shape of the cell, and thickness and composition of the cell wall—will determine the
resistance of the microorganism towards ultrasound. For example, a greater resistance to ultrasound
has been demonstrated for Gram-positive bacteria than Gram-negative bacteria, possibly due to the
presence of a thicker and more robust cell wall as a result of the cross-linking of peptidoglycan [21].
In addition, larger cells are more sensitive to ultrasound because of the larger surface that is in contact
with cavitation. As to shape, cocci are more resistant than bacilli because of the ratio of cell surface
to volume [7].
In the case of enzymes, it is known that power ultrasound is able to break various large
biopolymers, including enzymes, thus affecting their functionality. The effect of ultrasound
on the inactivation of enzymes of industrial importance was comprehensively reviewed by
O’Donnell et al. [10]. Changes in enzyme biological activity are due to modifications in protein
structure and also changes in the folding of the proteins (secondary and tertiary structures of the
enzyme). The rapid formation and collapse of cavitation bubbles change an enzyme’s environment
(e.g., temperature, pressure, shear stress, and pH), which can cause partial or total inactivation of
enzyme activity [22]. Additionally, free radicals from sonolysis of water can react with the amino acids
of an enzyme’s structure, subsequently affecting the enzyme’s activity and its catalytic function [23].
However, it has been mentioned that ultrasound application at room temperature has minor effects
on enzyme activity [10]. Therefore, for effective inactivation of deteriorative enzymes, ultrasound is
usually employed in combination with additional factors, such as temperature (thermosonication),
pressure (manosonication), or a combination of both (manothermosonication).
Conversely, in some cases, ultrasound processing can increase the activity of certain enzymes,
depending on the treatment intensity and processing time [24]. Thus, a positive effect of ultrasound
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in the production of bioactive molecules takes place. For instance, the application of ultrasound
during fermentation has been shown to improve the β-galactosidase activity of probiotics, resulting in
the production of health-promoting oligosaccharides in fermented milk [14] and an improvement in
isoflavone bioconversion activities in soymilk [15]. Although stimulation of enzymatic activity due
to sonication is a process not well understood, an increase in the mass transfer rate of the reagents to
the active site seems to be the most important factor. In the case of bioactive peptide generation, it
has been suggested that the use of high-power ultrasound in pretreatment and during the hydrolysis
process of proteins can modify protein conformation by affecting hydrogen bonds and hydrophobic
interactions, while acoustic cavitation acts by disrupting the quaternary and/or tertiary structure of
proteins. Therefore, these structural modifications may expose more hydrolysis sites to the enzyme
and consequently increase the degree of hydrolysis and bioactivity [25].
Thus, the effect of ultrasound seems to be enzyme specific, and stimulation and/or retardation of
enzymatic activity due to sonication will also depend on some other factors, such as ultrasonic intensity
(acoustic energy/power), duration of the process, temperature, pressure, pH, and ionic strength of
the medium.
Phenolic compounds, which are interesting bioactive compounds with potential health-promoting
properties, can be released by enzymatic activity [26]. For instance, depending on acoustic energy
density and temperature, a significant increase in total phenolic content in model wine was reported
during ultrasound treatment at 25 kHz for 150 min [27]. This is in accordance with the use of ultrasound
as an extraction technology in food processing since it enables an increase in both the extraction yield
and the extraction rate. In this sense, several works have demonstrated that fermentation has a positive
influence on total phenolic content in some cereals, pseudocereals, and legumes [28–30]. A large
proportion of phenolic compounds in these grains is bound to cell wall components. Hence, microbial
enzymes derived from fermentation processes might induce structural breakdown of the plant cell
walls and/or hydrolyze the esterified and insoluble bound phenolics, facilitating their liberation.
Ultrasound technology could be applied here to enhance the production and/or bioavailability of
these compounds.
3. Pulsed Electric Fields
3.1. Basic Concepts of PEF on Fermentation Process
The application of pulsed electric field in fermentation comprises basically the application of direct
current electric pulses on the sample source, which is placed between two electrodes in a treatment
chamber. The source is exposed to a pulsed voltage (up to 40 kV, even though typically 0.1–5 kV/cm
with pulses of 50–1000 µs are used). In this sense, the cell membrane of the microorganisms can
be regarded as a capacitor filled with a low dielectric constant material. When cell suspensions are
exposed to electric fields, the ions inside the cell move along the field until there is an accumulation of
the free charges at both membrane surfaces, which plays an important role in the signal transduction
process [31]. When the intensity of an applied electric field increases, the potential difference across
a cell membrane also increases. If this transmembrane potential exceeds a stated threshold value
(typically 0.2–1 V), a temporary loss of membrane semipermeability occurs. This phenomenon of cell
damage is called electroporation (or electropermeabilization) and, depending on the given electric
field, leads to the formation of temporary (reversible) or permanent (irreversible) pores [32–34]. Thus,
the process assists the electrophoretic movement of the intracellular charged compounds between the
cellular compartments and the release of them without any significant increase in temperature.
One of the most important components in the PEF system is the treatment chamber.
This dispositive can be designed to work in two different modes: static or continuous. In the static
mode, food is held between two parallel electrodes, whereas in the continuous mode, food is moved
between the electrodes inside the treatment chamber assisted by a pumping system. A typical system
to perform PEF treatments in continuous mode is shown in Figure 2.
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3.2. Factors Affecting Pulsed Electric Field Treatments 
There are tremendous interdependencies of the PEF processing parameters that are related to 
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one parameter affects the whole system [35]. Thus, the effects and efficiency of PEF on 
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PEF experiments. 
Regarding the process parameters, an important factor to control in the PEF system is the 
electric field intensity, which will finally determine the permeability level of the cell membrane. The 
intensity of the electric field applied to the material being processed (usually up to 10 kV/cm) is 
indeed the result of the gap fixed between the electrodes, the delivered voltage, the electrode 
geometry, and their disposition in the reactor. Besides electric field strength, other process 
parameters should be controlled, such as the number of pulses, pulse width and waveform, 
treatment time, and total specific energy (kJ/kg), which is generally below 20 kJ/kg [36]. 
The effects of PEF on the food system are also related to the properties of the fermentation 
medium. The electrical properties of samples such as the electrical conductivity and their electric 
strength are key factors in the PEF treatment because they determine the maximum electric field 
intensity and applicable current flow. Biosuspensions with high electrical conductivities are not 
ideal for PEF treatments because they display a smaller electric field across the treatment chamber. 
Therefore, a difference in the electrical conductivity between the microbial cytoplasm and the 
surrounding medium is desired because a greater flow of ionic substances through the membrane 
occurs, which causes weakening in its inner structure [37]. Thus, the conductivity is a useful 
parameter for the characterization of electroporation in cellular tissues [38]. For instance, 
disintegration induced by PEF can be quantified by the method of estimation of the cell damage 
index Z [39], based on a simple measurement of electrical conductivity in the low-frequency region 
(1–10 kHz). The electrical conductivity average of cellular tissue increases with the development of 
electroporation during the PEF treatment time, as it is shown in Figure 3. To quantify the cell 
disintegration index (Zc), a simple equation was proposed by Lebovka et al. [39]: 
Zc = (σ − σi)/(σd − σi) (1) 
where σ is the electrical conductivity value measured at low frequency (1–10 kHz) and indexes “i” 
and “d” refer to the conductivities of intact and completely damaged tissues, respectively. 
Figure 2. Schema of pulsed electric field fermentation in a continuous mode.
3.2. Factors Affecting Pulsed Electric Field Treatments
There are tremendous interdependencies of the PEF processing parameters that are related to the
pulse generation system, the treatment chamber, and the treatment medium; any alteration in one
parameter affects the whole system [35]. Thus, the effects and efficiency of PEF on biosuspensions
are related to the process parameters and the physicochemical properties of the treated matrix [34,36].
This section will give a brief overview of the main parameters to consider in PEF experiments.
Regarding the process parameters, an important factor to control in the PEF system is the electric
field intensity, which will finally determine the permeability level of the cell membrane. The intensity
of the electric field applied to the material being processed (usually up to 10 kV/cm) is indeed the
result of the gap fixed between the electrodes, the delivered voltage, the electrode geometry, and their
disposition in the reactor. Besides electric field strength, other process parameters should be controlled,
such as the number of pulses, pulse width and waveform, treatment time, and total specific energy
(kJ/kg), which is generally below 20 kJ/kg [36].
The effects of PEF on the food system are also related to the properties of the fermentation medium.
The electrical properties of samples such as the electrical conductivity and their electric strength are
key factors in the PEF treatment because they determine the maximum electric field intensity and
applicable current flow. Biosuspensions with high electrical conductivities are not ideal for PEF
treatments because they display a smaller electric field across the treatment chamber. Therefore,
a difference in the electrical conductivity between the microbial cytoplasm and the surrounding
medium is desired because a greater flow of ionic substances through the membrane occurs, which
causes weakening in its inner structure [37]. Thus, the conductivity is a useful parameter for the
characterization of electroporation in cellular tissues [38]. For instance, disintegration induced by
PEF can be quantified by the method of estimation of the cell damage index Z [39], based on a
simple measurement of electrical conductivity in the low-frequency region (1–10 kHz). The electrical
conductivity average of cellular tissue increases with the development of electroporation during the
PEF treatment time, as it is shown in Figure 3. To quantify the cell disintegration index (Zc), a simple
equation was proposed by Lebovka et al. [39]:
Zc = (σ− σi)/(σd − σi) (1)
here σ is the electrical conductivity value measured at low frequency (1–10 kHz) and indexes “i” and
“d” refer to the conductivities of intact and completely damaged tissues, respectively.
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Figure 3. Determination of the electrical conductivity disintegration index Z: electrical conductivity
versus treatment time of pulsed electric field [32].
Besides the electrical properties of the fermentation medium, the susceptibility of the
microorganisms to PEF treatment is strongly related to the morphological and physiological
characteristics of the treated microorganisms, such as cell type, size and shape, cell density, and
growth stage of the microorganisms. For instance, Gram-positive vegetative cells are more resistant
to PEF treatment than Gram-negative cells, possibly because Gram-positive bacteria possess a thick
and more robust cell wall due to cross-linking of peptidoglycan. It is also interesting to note that large
cells are more sensitive to lower field strengths than small cells, because of the larger surface that is in
contact with the PEF [40]. Yeasts are more sensitive to electric fields than Gram-positive bacteria due
to their larger size, but they may be more resistant than Gram-negative bacteria. Here, S-S bonds in the
yeast walls seem to stabilize yeast cells against PEF alterations [41].
The efficiency of PEF is also dependent on cell density. The concentration of microorganisms
during fermentation may or may not have an effect on their inactivation, depending on the specific
conditions of the treatment process. For instance, a study reported that inactivation of E. coli in
simulated ultra-filtrated milk was not affected when the concentration of the microorganisms varied
from 103 to 108 cfu/mL after being subjected to 70 kV/cm, 16 pulses, and a pulse width of 2 µs [42].
Another study has shown that microbial inactivation in apple juice was slightly lower when the number
of S. cerevisiae increased, possibly due to the formation of a cluster of microbial cells or concealed
microorganisms in low electric field regions [43].
In addition, the growth stage of the microorganisms can also influence the effectiveness of PEF
treatment. In general, cells in logarithmic phase are more sensitive to stress than cells in the lag and
stationary phases. The reason is that microbial growth in the logarithmic phase is characterized by
a high proportion of cells undergoing division, during which the cell membrane is more sensitive
to the applied electric field [44]. For example, PEF treatment of 200 pulses at 19 kV/cm of electric
field intensity applied to Salmonella senftenberg cells at different growth stages resulted in a decrease of
1.5 log cycles for the logarithmic phase compared to the lag and stationary phases [45].
3.3. Production of Biomolecules from Fermented Foods
Similar to the abovementioned ultrasound applications, the production of biomolecules from
fermented foods treated with PEF technology will depend largely on the effects produced on microbial
cells. Thus, depending on the specific energy and treatment time, different situations can occur:
stimulating electric fields, reversible electroporation, and irreversible electroporation (Figure 4).
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Successful inactivation of microorganisms by pulsed electric field treatment has been reported
by several researchers [46–48]. One of the most attractive attributes of this technology is that
samples can be treated at, or roughly above, ambient temperature for only a few microseconds,
thus minimizing the energy loss caused by heating [49]. However, Frey et al. [50] demonstrated that
with a decreasing treatment energy—by reducing the field strength and pulse duration to sublethal
values—a stimulatory effect on the growth of cells takes place. Another study reported a positive
effect of PEF on S. cerevisiae growth using, as the main parameter, frequencies between 5 to 150 Hz
and intensities of 0 to 1.625 kV/cm [51]. The reason behind electrostimulation is mostly unknown,
but several hypotheses to explain it have been suggested by different researchers. Enzymatic systems
or even metabolic pathways related to some processes occurring at the membrane level could be
electroactivated, leading to changes in cell proliferation and differentiation, which can be initiated,
promoted, or co-promoted [52]. For example, S. cerevisiae cells cultivated under electrical stimulation
have shown to alter the culture cycle and promote synchrony in cell division [53]. Synchrony suggests
that the applied potential is able to trigger on or off cell cycle activity. It is possible that also, along
with this, a reduction in maturation time and cell volume occurs. The same author also proposed that
an acceleration of signal transduction paths may be possible, which leads the cell to a “start point”
in cell cycle. Another hypothesis is that PEF induces changes in the cell cycle of microorganisms,
diminishing the G1 phase. The early passage of the yeast from the G1 phase to the S phase means that
the cellular cycle duration would be smaller than the time necessary for the cellular size duplication,
thus producing a higher number of smaller cells that would persist until the third generation [54].
Induction of stress in cells (reversible electroporation) has long been applied in biology,
biotechnology, and medicine, and yet is fairly new to the food industry [52,55]. Distinct effects
in metabolic processes may occur depending on the parameters of the external electric field, such
as its strength, cell shape, and membrane properties. The application of a low intensity treatment
at low electric field strength and/or pulse number, through initiating a conductive channel across
the membrane, does not cause irreversible cell rupture. The variation in the endogenous membrane
potential by an external field impacts the structure and function of the membrane compartments,
proteins, and lipid bilayer, which allows the extraction of intracellular compounds [56].
Finally, the irreversible permeabilization of cell membranes offers a wide range of applications,
including the extraction or diffusion of bioactive metabolites [57–59]. It was shown that PEF treatment
of the aqueous suspension of wine yeasts (S. cerevisiae bayanus, strain DV10) at E = 10 kV/cm allowed
high extraction of ionic components and low extraction of high molecular weight components [57].
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Another study has shown that PEF reduced the lag phase of L. acidophilus and increased bacteriocin
production [58]. PEF treatment at E = 40 kV/cm to the aqueous suspension of the same wine yeasts
allowed the extraction of 70% of ionic substances, 1% of proteins, and 16% of nucleic acids [59], as a
result of the enhancement of the mass transfer. In wine production, combining PEF with subsequent
fermentation on grape skins produced a more intense color, while combining PEF with subsequent
maceration yields an increased content of polyphenolic compounds in the wine [60].
4. Conclusions
The application of high-intensity ultrasound and PEF in fermented foods has shown promising
results, enhancing the process and improving the content of some bioactive compounds. All results
are associated with the physical and chemical effects generated at the microscopic and structural levels
of the food matrix. The effectiveness of both technologies on the fermentation process is strongly
influenced by various factors including microbial characteristics (e.g., type of microorganism, medium
type, and composition), process parameters (e.g., power, frequency, electric field intensity), treatment
time, pH, and temperature. Due to the fact that several variables coexist, the effects of both techniques
are complex to predict and cannot be simply generalized to meet the demands of different applications.
Therefore, further studies under different operating conditions are needed to verify the potential
impact of ultrasound and PEF on the production of bioactive metabolites with the aim of optimizing
the process to provide the optimum results for each application.
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